Summary: Cerebral blood flow (CBF) was estimated by measurement of internal carotid blood flow (ICBF) and sagittal sinus blood flow (SSBF) in mechanically venti lated rabbits under 70% N20/30% O2• Electrical stimu lation of cranial nerves III, VII, IX, or X, with stimulus parameters adequate to excite other visceromotor out flows of these nerves, failed to elicit change in CBE Com bined bilateral section of nerves VII, VIII, IX, X, and XI had no effect on the reactivity of CBF to CO2, nor did the sectioning of these nerves affect the increases in CBF induced by physostigmine. Division of the sinus and aortic
The ability of cerebral vessels to dilate in vivo in response to exogenous acetylcholine has been ex tensively documented over the years (Wolff, 1929; Michelazzi, 1934; Norcross, 1938; Koopmans, 1939; Dumke and Schmidt, 1943; Scremin et aI., 1973; Kuschinsky et aI., 1974; Heistad et aI., 1980) . Further more, a role of endogenously released acetylcholine in control of cerebral blood flow (CBF) is implied by the ability of the cholinesterase inhibitor phy sostigmine to increase cortical blood flow in the ab sence of metabolic activation (Scremin et aI., 1982b) , the blockade by atropine of several physiological adjustments of CBF (Mchedlishvili and Nikolaish viIi, 1970; Rovere et aI., 1973; Scremin et aI. , 1973 Scremin et aI. , , 1978 Pearce et aI., 1981) , and the close association between acetylcholine release and blood flow in the cerebral cortex (Hudson et aI., 1982) . The source of this acetylcholine is still uncertain, but it might conceivably be the cranial parasympathetic nerves that have been proposed by several investigators to have a role in cerebrovascular control.
nerves and of the vagi in the neck failed to change CO2 reactivity, even though normocapnic CBF was reduced. Pentobarbital blocked the increase in CBF produced by physostigmine, but had no effect on that produced by pilocarpine. The results indicate that cranial parasym pathetic nerves do not contain cerebral vasodilator fibers, and that they are not the source of acetylcholine which is presumably involved in CBF regulation. Key Words: Cerebral blood flow-Cerebral vasodilatation-Chemo receptors-C02 reactivity-Physostigmine-Pilocarpine.
Cerebral vasodilatation accompanying stimula tion of the facial nerve (VII) was originally de scribed by Cobb and Finesinger (1932) and Cho robski and Penfield (1932) , and later confirmed by some (James et aI., 1969; D'Alecy and Rose, 1977; Pinard et aI., 1979) and denied by others (Meyer et aI., 1971; Busija and Heistad, 1981; Linder, 1981) , leaving open the question of the role of this nerve in cerebrovascular control. Likewise, evidence has been adduced for the existence of cerebral vasodi lator fibers in cranial nerve III (Klosovskii, 1963; Kameyama, 1980) .
In view of the uncertainties concerning the ef fects of stimulation of cranial nerves, it appeared worthwhile to reinvestigate this question in the rabbit, an animal in which the cerebrovascular anatomy lends itself well to experimental control of CBF (Jensen, 1904; Schmidt and Hendrix, 1938; Scremin et aI., 1977 Scremin et aI., , 1982a . Moreover, only in Cobb and Finesinger's (1932) original work were all cra nial parasympathetic outflows explored, but in that study only pial vessel observations were made, without actual measurement of blood flow.
On the other hand, it has been suggested that glossopharyngeal and vagal innervation of chemo receptors may have a role as the afferent limb of a reflex mediating the cerebrovascular effects of CO2 (James et aI., 1969; Ponte and Purves, 1974) , whereas cerebral vasodilator fibers in the seventh and/or other cranial nerves may serve as the efferent limb of such a reflex. Therefore, we also conducted ex periments in which the cerebrovascular effects of CO2 were tested before and after division of sinus, vagus, and aortic nerves in the neck, or intracranial division of nerves VII, VIII, IX, and XI. A further test of the participation of cranial nerves in cholin ergically mediated cerebral vasodilatation was ac complished by assessing the effects of cranial nerve section on the action of the cholinesterase inhibitor physostigmine, under the assumption that this agent augments CBF through increased availability of en dogenous acetylcholine (Scremin et aI., 1982b) . This assumption was corroborated in the present exper iments by comparing the vasodilator effects of phy sostigmine before and after administration of an an esthetic dose of pentobarbital, which is known to block the spontaneous release of acetylcholine from the cerebral cortex (Collier and Mitchell, 1967) . Some preliminary results of these experiments have already been published (Scremin et aI. , 1979 (Scremin et aI. , , 1980 .
METHODS
Male New Zealand rabbits (2. 5-3 kg) were anesthetized with 4% halothane in 70% N20/30% O2 and maintained with 2% halothane in 70% N20/30% O2 during preparative surgical procedures. The trachea, a femoral artery, and an auricular vein were cannulated. Two stainless steel screws were implanted epidurally over the frontoparietal cortex for electroencephalogram (EEG) recording. Ani mals were paralyzed by a continuous i. v. infusion of pan curonium bromide (Pavulon®, Organon) at 0. 6 mg/h and ventilated to achieve an end-tidal CO2 concentration (ETC02) of 4%, as monitored with a Beckman LB-2 an alyzer. Body temperature, indicated by an intraesopha geal thermistor, was maintained at 38°C by radiant heat. Arterial blood pressure (AP) was continuously monitored via the arterial cannula with a Statham transducer, and heart rate was calculated from the AP pulse.
To record internal carotid blood flow (ICBF) continu ously, we ligated the external carotid artery and any ex tracranial branches of the internal carotid on the right side. A Biotronex® electromagnetic cuff-type flow probe, 1-1. 5 mm in diameter, was placed around the common carotid artery. ICBF was measured with a Biotronex 410-2 flow meter. A hydraulic occluder (Debley, 1971 ) was placed on the artery distal to the flow probe, to allow mechanical zeroing of the recording. ICBF was expressed as a percentage of its value at ETC02 = 4%, immediately prior to any experimental manipulation. The practical im possibility of determining the exact limits of the portion of the brain irrigated by the internal carotid artery pre cluded the expression of CBF in absolute terms. ICBF has previously been shown to be a good estimate of hemi spheric CBF and its transient changes in the rabbit (Jensen, 1904; Schmidt and Hendrix, 1938; Scremin et aI. , 1977 Scremin et aI. , , 1982a . The time constant was 0. 7 s. Estimate of absolute cortical flow (ml 100 g -I min -I) was accomplished by measurement of blood flow in the dorsal sagittal sinus (SSBF). A 3-4-mm hole was drilled in the skull at the midline and 13 mm behind the coronal suture. When the sinus was exposed, a minute hole was made in it with a hypodermic needle, and a 2-mm arm of a bare L-shaped platinum wire (0.075 mm in diameter) was then introduced into the vessel. For determination of blood flow, 5% H2 was added to the inhaled gas mixture and maintained until H2 current (measured between the platinum and an indifferent Ag-AgCI electrode placed subcutaneously in the neck) remained constant. H2 inflow was then stopped, and the de saturation slope was re corded. Blood flow (k) (ml 100 g -I min -I) was calculated with the expression k = 100· In 2 . (T'h) -I, in which T'h = half-time of the washout slope in minutes (Misrahy and Clark, 1956; Aukland et aI. , 1964) . The validity of this method as a measure of cortical blood flow in the rabbit has been established (Scremin et aI. , 1982a) . The same procedure was followed for the measurement of local blood flow in the lacrimal, submandibular, and parotid glands. In these cases, platinum electrodes made of 0. 075-mm platinum wire were inserted 1-2 mm into the glands.
AP, respiratory CO2, ICBF, H2 current, EEG, and sub maxillary gland electrogram were recorded on a Grass Model 7 polygraph. At regular intervals in some experi ments, the EEG signals (limited to 0. 1-35 Hz) were dig itized on-line, and a fast Fourier analysis was performed on an LSI-ll computer (Andromeda Systems, Inc. ).
For stereotaxic stimulation of cranial nerve III (and occasionally VII), the head was placed in a holder (Sawyer et aI. , 1954) and oriented with bregma and lambda in the same horizontal plane. Coordinates for III were 4 mm posterior to bregma, 2 mm lateral to the midline, and 15 mm below the cortical surface. Horizontal coordinates for VII were 15. 3 mm posterior to bregma and 6. 7 mm lateral to the midline; the electrode was positioned ver tically by lowering it until the tip just struck the bone at the inferior border of the internal auditory meatus.
Nerves VII, VIII, IX, X, and XI were exposed through a posterior craniotomy for section and/or stimulation. To assess the role of these nerves in the cerebrovascular effects of CO2 and of the cholinesterase inhibitor physo stigmine, the actions of these agents were tested before and after bilateral division of nerves VII to XI.
The cerebrovascular effect of CO2 (C02 reactivity) was measured by varying the ETC02 level between 2% and 8% by hyperventilation or addition of CO2 to the inspired gas. Paired values of ETC02 (volumes percent) and ICBF (percent of control) were used to calculate the regression of ICBF on ETC02 by the least-squares method. CO2 reactivity of arterial pressure was assessed in a similar way. The coefficients (slopes) of these regressions were taken as the quantitative estimates of CO2 reactivity. Phy sostigmine was administered as a single i. v. bolus injec tion of 0. 3 mg/kg, and the level of ICBF under normo capnia was determined 3 min after the injection.
Exposure of the nerves was performed under 1 % halo thane/70% N20/30% O2, Halothane was then discon tinued, and the animal was maintained under 70% N20/ 30% O2 for a period of 1 h, after which both CO2 reactivity and the effect of physostigmine were tested while the nerves were still intact. Halothane was again added to the anesthetic mixture during division of the nerves and then discontinued; at least 1 h was allowed before a second set of measurements of the effects of CO2 and physostig mine was performed.
Stimulation of nerves was always performed under 1% halothane170% N20/30% O2. Nerves VII and VIII were sectioned together at the level of their entrance to the internal auditory meatus; a cotton ball soaked with min eral oil was used to separate the central stump and the surface of the brain stem from the area to be stimulated. A bipolar electrode (made of O.13-mm-diameter platinum wire, with a tip separation of 0.75 mm) was placed on the peripheral stumps of VII and VIII, the proximity of which precluded their separation, and simultaneous stimulation of both nerves was thus achieved. Nerves IX and X were approached between their emergence from the brainstem and their entrance into the jugular foramen, and a pair of platinum hook electrodes, each 0.13 mm in diameter and separated by 0.75 mm, was placed on each nerve. In four experiments, these nerves were stimulated in continuity, and in five others only the peripheral stumps were stim ulated. A Grass S48 stimulator and SIU5 isolation unit were used to deliver square-wave pulses of 0.3-0.5 ms duration at 20 -40 Hz. When SSBF was measured by H2 clearance, stimulation commenced 3 min before and throughout the de saturation period; in ICBF experi ments, stimulation was carried out for periods of 1-20 min.
The following variables were considered as controls for the activation of autonomic fibers in the stimulated nerves: III, contraction of the pupil (direct observation); VII, lac rimal secretion (direct observation), blood flows in the lacrimal and submaxillary glands (H2 clearance), sub maxillary gland electrogram (recording of the potential developed between two electrodes at the hilar and lateral portions of the gland) (Burgen and Emmelin, 1961) ; IX, salivary secretion (direct observation), blood flow in the parotid gland (H2 clearance); X, heart rate.
In a separate group of animals, the effect of sodium pentobarbital (50 mg/kg, i.v.) on the cerebral dilator ac tion of either physostigmine (0.3 mg/kg) or pilocarpine (1.0 mg/kg) was tested. In three animals, physostigmine was first administered, followed in 1 h by pilocarpine; pentobarbital was then given, and 6-20 min was allowed for stabilization of mean AP; the sequence of physostig mine and pilocarpine injection was then repeated. In six other animals, only physostigmine (three cases) or pilo carpine (three cases) was tested before and after pento barbital.
RESULTS
Effects of stimulation of nerves III, VII, VIII,
IX, and X on CBF
Stimulation of the peripheral stump of VII (to gether with VIII) at the level of its entrance to the internal auditory meatus induced the expected ef fects on the lacrimal gland (production of homola teral "milky" secretion and increased blood flow) and submaxillary gland (augmented salivation and blood flow). Cerebral blood flow, however, mea sured from the internal carotid artery (ICBF) or sag ittal sinus (SSBF), did not change at any time during the 1-20 min period of stimulation ( Fig. 1 and Table  1 ). Stimulation of nerves III, IX, and X also had no effect on CBF, in spite of clear effects on the pupil, parotid gland, and heart rate, respectively ( Fig. 1 and Table 1) .
:.. In each case, the wash-out curve of H2 is depicted; the number adjacent to each curve represents the calculated blood flow in ml100 g-' min-'. The short, separate segment at the end of each curve is the final value corresponding to zero H2 current. Stimulation of the nerves, at 40 Hz and 0.3 ms pulse duration, was started 3 min before the start of and continued throughout the H2 desaturation. Time intervals (above AP rec ord) are 1 min (long marks) and 5 s (short marks).
Special care was taken to avoid spread of current to the brainstem or neighboring nerves when stim ulation was performed. Continuous monitoring of the EEG allowed detection of stimulus-related de synchronization (decrease in voltage with a pre dominance of power at 4 Hz) that was often asso ciated with an atropine-sensitive increase in CBF. This phenomenon was particularly evident in a series of preliminary experiments in which the facial nerve was approached stereotaxically and stimulated in continuity at the level of its entrance to the internal auditory meatus. Stimulation of the peripheral stump of the previously divided nerve at the same level, however, did not induce changes in EEG or CBF at stimulus parameters that yielded a clear activa tion of lacrimal and submaxillary glands.
Stimulation of the intact third nerve, approached stereotaxically in its course through the middle cra nial fossa, was ineffective in changing either ICBF or SSBF, although constriction of the pupil was al ways observed. Nerves IX and X were stimulated in continuity in four experiments and after division (stimulation of peripheral stump) in five others. No effects on ICBF or SSBF were observed under any of these conditions.
Effects of division of nerves on the cerebrovascular effects of CO2 and physostigmine
ICBF showed a dependence on ET C02 levels quantitatively similar to that previously reported in the rabbit under comparable circumstances (Scremin et aI., 1977 (Scremin et aI., , 1980 (Scremin et aI., , 1982a . Intracranial bilateral division of nerves VII, VIII, IX, X, and XI left Measurements were made on halothane-N20-anesthetized animals that were mechanically ventilated to maintain ETC02 at a constant (normocapnic) level. SSBF (sagittal sinus blood flow), ICBF (internal carotid blood flow), and mean AP (mean arterial pressure) values are means ± SE of single observations made on each of the tested animals (n). ICBF was measured continuously; values given are those observed just prior to (control) and 3 min after beginning of continuous stimulation. SSBF was calcu lated from H2 de saturation slopes obtained prior to and during continuous stimulation of the nerves. In all cases, values obtained during stimulation were statistically identical with control values. The numbers in parentheses under n denote experiments in which the nerves were cut. The other numbers (without parentheses) represent experiments in which the intact nerves were stimulated. normocapnic ICBF and CO2 reactivity unchanged ( Table 2) . Administration of physostigmine induced increases in normocapnic ICBF and CO2 reactivity comparable with those previously reported (Scremin et aI., 1977 (Scremin et aI., , 1982b ; these responses were un changed by division of the nerves (Table 3) .
Division (homo-or bilateral) of the sinus nerves, aortic nerves, and vagi in the neck failed to change CO2 reactivity (Table 2) . A decrease in normocapnic ICBF, however, was observed after division of these nerves.
Effects of i. v. pentobarbital on the cerebral vasodilatation induced by physostigmine or pilocarpine
The injection of physostigmine was followed, after a latent period of 2-3 min, by a rise in lCBF that peaked in 6 min at the recorded average value (Table  3) of 52% above preinjection control, then fell to control level within 15-30 min. There was an ac companying rise in mean AP of � 11 %. After the administration of pentobarbital, the effect on ICBF of physostigmine was completely abolished, as was that on mean AP.
Injection of pilocarpine, on the other hand, was followed by an immediate rise in lCBF. This was concomitant with a transient fall in mean AP (from an average of 109 ± 8 to 68 ± 1 mm Hg) that returned to control level in � 30 s and then rose to 9% above control level by 1 min after the injection. ICBF peaked at the same time, at the recorded av erage value of 49% above preinjection control (Table  3) , and then returned to control level in 20 -25 min, as did the mean AP. After pentobarbital injection, the effect of pilocarpine on ICBF and mean AP was unchanged (Table 3) .
DISCUSSION
Cranial nerves have been implicated in cerebral vasodilator responses by a number of investigators who have reported either changes in pial vessel size (Chorobski and Penfield, 1932; Cobb and Fine singer, 1932) or in blood flow of various cerebral structures upon stimulation of selected nerves (James et aI., 1969; D'Alecy and Rose, 1977; Pinard et aI., 1979) , or who have observed alteration of the basic regulatory responses of the cerebral vascula ture following ablation of such nerves (James et aI., 1969; Ponte and Purves, 1974) . However, this evi dence is counterbalanced by reports showing lack of effects of stimulation (Meyer et aI., 1971; Busija and Heistad, 198 1; Linder, 198 1) or ablation (Bates et aI., 1976; Heistad and Marcus, 1976; Hoff et aI., 1977; Traystman and Fitzgerald, 198 1) of the same cranial nerves on cerebrovascular regulation.
On the other hand, evidence has accumulated over the years supporting the existence of vasomotor in nervation of cerebral vessels on the basis of histo chemical (Falck et aI., 1965 (Falck et aI., , 1968 Iwayama et aI., 1970), biochemical (Florence and Bevan, 1979; Es trada et aI., 1983) , and in vitro pharmacological ob servations (Edvinsson and MacKenzie, 1976; Ed vinsson, 1977) . The origin of some of these nerve fibers has been traced to cervical sympathetic gan glia, but after ablation of the ganglia, nonadrenergic fibers, some of which are allegedly cholinergic, re main (Edvinsson and MacKenzie, 1976) . Moreover, several pharmacological observations regarding the effect on CBF of putative peripheral autonomic transmitters and their agonists and antagonists (Ed vinsson and MacKenzie, 1976) have aroused the in terest of physiologists in revealing the origin of the nonadrenergic cerebrovascular innervation, some of which may mediate dilator responses. (Molnar and Szanto, 1964) that in turn can be blocked by administration of atropine (Scremin et aI., 1973 (Scremin et aI., , 1980 Pearce et aI., 198 1) . Thus, spread of current to the brain stem or neighboring nerves carrying sensory fibers can be associated with this vasodilatation that, although triggered by the stim ulation, is not related to vasomotor activity in the stimulated nerve. Recording of the EEG during stimulation of cranial nerves could have provided an adequate control to avoid this complication, but unfortunately this variable was not considered in any of the previous studies in which the presence of cerebral vasodilator fibers in cranial nerves was assessed.
Several methodological considerations compli cate the interpretation of the effects of cranial nerve stimulation on CBF. It is known that stimulation of sensory nerves or intracerebral sites can induce cortical arousal as revealed by EEG desynchroni zation, with a concomitant cerebral vasodilatation
The kind and level of anesthesia may also ac- Values are means ± SE. n, number of animals. Each received a single injection of the agent before either nerve division or pentobarbital injection and a single injection afterwards; animals in A and B were separate groups. a p < 0.01 for comparison with effect before pentobarbital. count for inconsistency in observations, in view of the known sensitivity of COz reactivity to this vari able (Scremin et aI., 1978) . The previous studies almost invariably were done with the use of intra venous anesthetics, and no provision was made for controlling and assessing the depth of anesthesia as, for example, with the EEG. These complications have been avoided in our study, since in the exper iments in which COz reactivity was tested, we have used N20/02 anesthesia, which is known to induce minimal disturbance of CBF regulation (Siesjo, 1978) . Moreover, EEG was routinely monitored during stimulation experiments, and the stimulating conditions that lead to EEG arousal (often associ ated with cerebral vasodilatation) were avoided. An additional point to note is that in some pre vious studies an index of overall CBF was used (Meyer et aI., 1971; D' Alecy and Rose, 1977) , whereas in others (Chorobski and Penfield, 1932; Cobb and Finesinger, 1932) cortical circulation was specifically assessed; in only two recent studies (Busija and Heistad, 1981; Linder, 1981 ) were both measured. The possible variance due to this differ ence in approach was controlled in our experiments by the use of measurement of both ICBF (hemi spheric CBF) and SSBF (cortical CBF), neither of which manifested change in response to nerve stim ulation. In addition, the combined use of Hz clear ance, which allows absolute measurement of cor tical blood flow but which may miss transient re sponses, and ICBF, which has a fast response, provided assessment of potential flow changes over the entire course of observation.
The results of our nerve stimulation experiments have failed to reveal the existence in the rabbit of vasodilator fibers in those nerves that carry the cra nial parasympathetic outflow to the head and neck. The fact that the sectioning of the cranial nerves does not alter the cerebrovascular effects of CO2 indicates that these nerves play no role in this reg ulatory phenomenon. Moreover, since division of the aortic, sinus, and cervical vagal nerves failed to alter CO2 reactivity (even though normocapnic ICBF was somewhat reduced), these nerves apparently do not participate in this cerebrovascular regula tion.
The failure of cranial nerve section to affect the augmentation of CBF by physostigmine would in dicate that these nerves do not contain tonically active cholinergic cerebral vasomotor fibers, on the assumption that physostigmine increases CBF solely through inhibition of acetylcholinesterase, and not by a direct action on cholinergic vascular receptors. This assumption is supported by the fact that pen tobarbital, known to markedly reduce spontaneous release of acetylcholine in the cerebral cortex (Col lier and Mitchell, 1967) , abolishes the effect of phy sostigmine on CBF. On the other hand, the cerebral dilator action of pilocarpine, a direct cholinergic agonist, is not affected by pentobarbital. Thus, the cranial parasympathetic nerves are apparently not the source of acetylcholine which mediates the ef fect of physostigmine and which is presumably in volved in CBF regulation. Whether an intracerebral pathway and/or cortical cells may be the source of this acetylcholine remains to be investigated.
